When a pollination vector is required, any mechanism that contributes to floral visitation will potentially benefit the reproductive fitness of a plant. We studied the effect of floral colour change in the desert perennial Alkanna orientalis on the foraging behaviour of the solitary bee Anthophora pauperata . Flowers changed colour over time from bright yellow (with moderate nectar reward) to pale yellow/white (with significantly lower nectar reward). Bee visitation was non-random with respect to colour phase availability within the flower population and was biased towards the more rewarding flowers. At plants where the availability of colour phases had been manipulated experimentally to produce 'bright' or 'pale' plants, bees visited significantly more flowers (and for longer periods) on the bright plants. The change of flower colour was not simply age-related; we observed variation in the temporal course of colour change and our data suggest that visitation, leading to deposition of cross-pollen, can accelerate the process. In subpopulations with limited pollinators, Alkanna can influence bees by using their colour-related foraging preferences to alter visitation patterns.
INTRODUCTION
The phenomenon of floral colour change has been studied extensively and recent research has moved towards examination of the physiological and biochemical mechanisms that underlie the process (e.g. Farzad, Griesbach & Weiss, 2002) . Little attention has been paid, however, to the questions of whether and how the temporal course of colour change varies and, if such variation occurs, what its ecological impact might be on plant-pollinator associations. If the timing of colour change is indeed flexible (perhaps influenced by visitor activity) there might be a potential fitness benefit to the plant; flower colour could be used by the plant to control its pollination differentially according to pollinator availability.
A change in the colour of floral corollas and/or visible reproductive parts occurs in a wide range of taxa; a review by Weiss & Lamont (1997) detailed over 450 species from 78 plant families that displayed the phenomenon. The ecological significance of colour change has also been documented; for example, Gori (1983) , Kevan (1983) and Weiss (1991 Weiss ( , 1995 have noted that many visiting animals exhibit modified behaviour in response to altered floral colour, and this has potential benefits for both the plant and the visitor. Colour change usually coincides with a change in floral reward (Gori, 1983; Weiss, 1991) , and thus acts as a visual signal for potential visitors that forage preferentially at the rewarding colour phase. If colour change signals reward level in general, but also corresponds specifically with reproductive status, the fitness of the plant can be influenced; foraging activity may be directed to the most rewarding flowers that are also those most likely to require further pollination (Weiss, 1992) . The benefit to a plant of increased attractiveness of the overall display due to the retention of postchange flowers was highlighted by Gori (1989) ; continued high levels of visitation and greater seed set were found on unmanipulated plants ( Lupinus argenteus ) compared with experimental plants from which postchange flowers had been removed.
Colour change is inducible in some plants, perhaps as a result of postpollination events [e.g. Lu. albifrons (Stead & Reid, 1990) ; Lotus scoparius (Jones & Cruzan, 1999) ; Viola cornuta (Farzad et al ., 2002) ; Lu. pilosus (Nuttman & Willmer, 2003) ], but there is a non-inducible (i.e. simply age-related) process in other species [e.g. Lu. argenteus (Gori, 1989) ; Fuchsia excorticata (Delph & Lively, 1989) ; Pulmonaria sp. (Oberrath, Zanke & Böhning-Gaese, 1995) ]. In either case, the change in colour usually signals the end of individual short-range floral attraction (Oberrath & Böhning-Gaese, 1999) , but not of longdistance attraction or floral longevity, prior to senescence and ultimately abscission.
When the process is inducible it has been distinguished rarely whether the stimulus for colour change is (a) the mechanical effect of flower handling during visitation, (b) pollen removal per se , (c) pollen deposition, or (d) postpollination processes occurring within the plant. A trigger for colour change at some stage of the pollen germination/fertilization pathway (e.g. pollen/stigma interaction, pollen tube growth, penetration of the ovule by the pollen tube) might benefit the plant, since colour change would direct visitors away from flowers that had already received enough pollen grains to effect fertilization (Schaal & Leverich, 1980) . Thus, only prechange flowers would receive further visits, and in the absence of additional visitation no dislodgement of pollen grains already on stigmas of previously visited, postchange flowers would occur, and no damage would be caused to growing pollen tubes (Gori, 1983) .
In this study we extended earlier work on Alkanna orientalis (Semida, 1994; Willmer et al ., 1994; Gilbert et al ., 1996; Stone et al ., 1999) by examining whether or not flower visitors act as the inducing agents for colour change in this species and what the precise trigger may be for such change. The temporal course of colour change was recorded following differing levels of artificial manipulation, and the initial stages of reproductive processes within the plant were analysed, both when natural visitation had occurred and when it had been prevented. This study also led to a new explanation of the differing patterns of floral longevity between Alkanna subpopulations; we found bee behaviour to be influenced by flowers via the change of colour, to produce short-term alterations in visitation patterns and consequent long-term effects on display size and appearance.
MATERIAL AND METHODS

S TUDY SPECIES
Alkanna orientalis (L.) Boiss. (Boraginaceae) is a perennial plant that is distributed widely in the eastern Mediterranean and Middle East. In southern Sinai (Egypt) it is found relatively commonly at medium elevations, growing on rocky ground in wadis (dry river valleys), and it is abundant locally at higher elevations. Flowering occurs from late February to May, with flowers borne on scorpioid cymes and remaining on the plant for several days.
Colour change in the family occurs in at least 19 species from 11 genera (Weiss, 1995) ; in Al. orientalis the corollas are bright yellow initially, but change to pale yellow/whitish prior to abscission. The flowers are protandrous and hermaphroditic, and contain nectar at the base of the 11-mm long corolla tube (Gilbert et al ., 1996) . Pollen is borne on five anthers, three of which are clustered just beneath the corolla entrance, with the remaining pair lower down within the corolla tube (Gilbert et al ., 1996) . Al. orientalis is an obligate outcrosser (Semida, 1994) ; fruit set occurs within three weeks of floral abscission and up to four nutlets are produced per flower.
The species is of interest because variation in plant characters between adjacent but effectively isolated populations of Al. orientalis has been reported by Gilbert et al . (1996) , highlighting differences between subpopulations from neighbouring wadis. The territoriality of visiting bees (see below) and the presence of steep-sided ridges between wadis were thought to limit pollen transfer between subpopulations and underpin significant genetic differences between these populations (Wolff, El-Akkad & Abbott, 1997) . In particular, larger flowers with greater nectar reward were retained in the pale phase for longer on plants in one population where bees were scarce. This altered the visual impression of the floral display compared with three other populations, and was postulated (Gilbert et al ., 1996) to be of selective advantage to plants where pollinator visits were infrequent (greater numbers of larger and more rewarding flowers potentially ensured continued visitation).
The main visitor in the early part of the flowering season is the solitary bee Anthophora pauperata Walker 1871 (Hymenoptera: Anthophoridae). Activity patterns vary diurnally between the sexes (Willmer et al ., 1994) ; male bees patrol territories that include patches of Alkanna throughout the morning and early afternoon, feeding occasionally on nectar but spending most of their time defending plants from visitation by all other insects. Females forage at the same plants, visiting large numbers of flowers on each plant for nectar and/or pollen (but with fewer visits during late morning/midday). They gather pollen by buzz pollina-tion before 10:00 h and after 13:30 h (Willmer et al ., 1994) and this is linked closely to diurnal patterns of pollen dehiscence (Stone et al ., 1999) . The males effectively protect floral resources for females nesting within, or close to, their territories; this behaviour offers potential fitness advantages because the maintenance of territories ensures mating opportunities with such females (Willmer et al ., 1994) . 
F LORAL LONGEVITY AND COLOUR CHANGE
Five flowers, on separate cymes, on each of ten plants were marked one day prior to opening and checked daily until abscission, to assess floral longevity and colour change under normal conditions. Concurrently, five flowers on each of ten plants were marked one day prior to opening and bagged with fine nylon netting [chosen to avoid possible confounding effects of the alteration of microclimate (Corbet, 2003) ] to prevent insect visitation for the duration of each flower's life. Colour was scored by assigning flowers to one of three categories: bright yellow (as seen in newly opened flowers); intermediate (the onset of colour change was determined against the next day's newly opened flower); pale yellow (flowers that appeared creamwhite or lacked any yellow colouration).
E FFECTS OF MANIPULATION ON FLORAL LONGEVITY AND COLOUR CHANGE
Possible effects of different aspects of flower handling were examined to see how visiting insects might trigger floral colour change. The bee An. pauperata was virtually the only visitor to the plants throughout the study and the nectar visits by this bee were mimicked by hand, both with and without actual nectar withdrawal.
Nectar withdrawal : Forty-two flowers on 14 plants were marked and bagged one day prior to opening. On the morning of opening the bags were taken off and any accumulated nectar within marked flowers was removed with a 1-µ L glass microcapillary tube (Drummond Scientific Co., USA). Earlier trials had shown that all nectar could be extracted with a maximum of four probes.
Probing without nectar withdrawal : Forty-two flowers distributed on the same plants as in (a) were probed four times without nectar withdrawal by using a sealed 1-µ L microcapillary.
Repeated nectar withdrawal : Twenty-eight flowers on 11 plants were marked and bagged as before. The following morning at 07.00 h the bags were removed and each flower was drained of nectar with a 1-µ L microcapillary tube. The process was repeated at 11:00 h and 15:00 h.
Repeated probing without nectar withdrawal : The method was carried out as in (c) but with a sealed microcapillary tube; here the mean number of probes to remove all nectar at each treatment time was calculated and used for the number of probes with the sealed microcapillary.
For all groups (a)-(d), flowers were checked daily and scored for colour. Exclusion bags were replaced after each treatment/data collection to prevent subsequent natural visitation.
F LORAL REWARD
Nectar characteristics were measured for 20 flowers (five flowers from separate cymes on each of four plants) in each colour category on each of three days at 06:00-08:00 h, 11:00-13:00 h and 16:00-18:00 h. Flowers were removed from their calyces and nectar was withdrawn from the base of the corolla tube with a 1-µ L microcapillary tube, determining volume from the length of the column.
Nectar concentration (g sucrose per 100 g solution) was measured using a pocket refractometer (modified to take small volumes by the manufacturers, Bellingham & Stanley, Tunbridge Wells, UK).
V ISITATION
Visitation by An. pauperata to fully open flowers was observed over six days on single Alkanna plants, to assess whether nectar-foraging behaviour was influenced by colour change. A visit was scored as a landing that incorporated insertion of the proboscis into the corolla tube. As pollen is available chiefly (and is harvested efficiently by female An. pauperata ) from unopened and partially opened flowers that presumably offer a different visual signal to fully open and/or postcolour-change flowers, visitation data were collected in relation to nectar visits only.
Colour choice on 'normal' plants : Plants were chosen at random on each of three days and the number of flowers in each colour category was noted. Visits by all foraging An. pauperata , together with the flower colours visited, were recorded for 15 min in each hour from 08:00 h to 16:00 h [the period of normal bee visitation (Willmer et al ., 1994) ].
Foraging at manipulated plants : On three days two plants of similar size and the same distance from their nearest neighbouring conspecific were chosen at locations within different Alkanna subpopulations (see Material and methods). On one plant, all intermediate and pale yellow category flowers were removed, and on the other all bright yellow and intermediate category flowers removed; this created one plant on which all flowers were bright yellow and one on which all were pale yellow/white. The plants were balanced for flower number. Total residence times (in s) of foraging An. pauperata were then recorded, together with number of flowers visited, for eight 15-min focal observation sessions of each 'colour' plant on each day. P OLLEN TUBE GROWTH Sample flowers of comparable age but from different treatment groups were collected for analysis of pollen tube growth by fluorescence microscopy, to establish whether colour change was correlated with particular stages of the reproductive development. Fifty-one buds on separate cymes and distributed between ten plants, were marked and bagged one day prior to opening. A further 51 flowers of similar age were marked and left open to visitation. Two days after opening both groups of flowers were removed, fixed in 70% ethanol and stored at 4 ° C until they were prepared for fluorescence microscopy in the laboratory. The protocol used was modified from Gibbs & Bianchi (1999) . The carpels were dissected from the remaining floral tissue and placed in 8-M NaOH, then incubated at 65 ° C for 12 min to soften the stylar tissue. Residual NaOH was washed off with distilled water and the carpel was placed in 1% aniline blue for 5 min prior to squash preparation on a microscope slide. Slides were examined under a Leitz Laborlux 12 binocular microscope with fluorescent light source; pollen grains attached to the stigma were counted, as were pollen tubes growing in the stigma and style.
S TATISTICAL ANALYSIS
All datasets were tested for normality using the Anderson-Darling test (Dytham, 1999) . If data were not distributed normally (either as raw data, or following log 10 transformation) and/or lacked homogeneity of variance, standard non-parametric statistical tests were used. All tests were conducted using Minitab Release12.21 (State College, Pennsylvania, USA). Values are given as mean ± 1 SEM unless otherwise stated, and error bars on all figures are ±1 SEM.
RESULTS
EFFECTS OF VISITATION AND MANIPULATION ON FLORAL LONGEVITY AND COLOUR CHANGE
Both the onset of colour change and the length of floral colour phases were affected both by preventing insect visitation and by floral manipulations (Table 1) . The median abscission time under conditions of open visitation was 4.50 (range, 2-7) days and in bagged flowers it was 6.54 (range, 2-8) days (Fig. 1) (MannWhitney test; W = 55.5, P = 0.0002, N = 10 plants). Hence, preventing visitation led to significantly increased flower longevity. In bagged plants the initial bright yellow phase was extended by nearly a day and the later pale yellow/white flower phase was retained for more than double the period seen in open plants. Thus, when visitation was absent an extension of each of the three colour phases contributed to greater overall longevity.
For manipulated flowers, abscission always occurred within five days, and flowers receiving a single manipulation had a greater life span than did those receiving multiple manipulations. In the multiple manipulation treatments, most flowers had changed colour by the final treatment at 15.00 h on day 1, and all had changed colour by the morning following manipulation (i.e. within 24 h). In the nectar withdrawal group, 15 of 29 flowers had begun to change colour by the final treatment time on the first day, as had 17 of 29 'probed' flowers; two flowers from each group showed onset of colour change before the 11.00 h treatment. A feature noted rarely in earlier treatments -withering of flowers in situ prior to abscission -was frequently evident in flowers from both these experimental groups. Hence, repeated manipulations led to rapid colour change, and to early withering and/or abscission of flowers, when compared with both open and bagged flowers. Pollen removal was considered as a further potential manipulation but could not be mimicked satisfactorily because this flower is buzz pollinated; female bees force open flowers just prior to natural opening to remove pollen by buzzing (Stone et al., 1999) .
FLORAL REWARD
Nectar characteristics varied with floral colour category (Fig. 2) , which presumably reflected a change in nectar secretion patterns in flowers of different ages. Bright yellow flowers contained a mean of 0.21 ± 0.04 µL nectar, intermediate flowers contained 0.10 ± 0.04 µL, and pale yellow flowers contained 0.03 ± 0.01 µL (data were summed for corresponding times over three days; N = 36 plants for each group). The concentrations for these categories were less variable, at 39.0 ± 0.9% (N = 33), 40.0 ± 1.4% (N = 22) and 55.1 ± 4.4% (N = 14), respectively.
Since reward (in terms of calories) is a composite of volume and concentration, the pale and older flowers were much less rewarding than were either intermediate or bright yellow flowers, and should be much less profitable or attractive to visiting bees. The difference between colour phases was significant for both volume (Kruskal-Wallis test: H = 28.13, d.f. = 2, P < 0.001) and concentration (K-W: H = 13.26, d.f. = 2, P = 0.001).
VISITATION
Over three days a total of 99 individual foraging bouts by both sexes of An. pauperata were recorded at Alkanna plants displaying 'normal' ratios of the identified flower colour phases. Given the stereotypical territorial foraging habits of males of this species (see Material and methods and Willmer et al., 1994) , these bouts were certainly not all made by different individuals. Figure 3 illustrates that all bees clearly preferred to visit the young bright yellow flowers, on all days of observation.
As for manipulated plants, foraging bees at all sites spent greater time and visited more flowers on 'bright yellow plants' compared with 'pale yellow plants' (Fig. 4) . Notably, in the subpopulation at the Plain of El Raha where pale yellow/white flowers are more prevalent (Gilbert et al., 1996; C. Nuttman, pers. observ.) , 44 foraging trips were recorded at 'bright yellow plants' and just nine at 'pale yellow plants'.
POLLEN TUBE GROWTH
All 51 'open' flowers collected had begun to change colour, and all had pollen grains visible at the stigma (Table 2) . Forty-six of them had pollen tubes visible just below the stigmatic papillae or within the style, the number of tubes varying between 1 and 53. Due to varying quality of preparation (and therefore difficulty in resolving and counting precise numbers of tubes through the thick stylar tissue) these figures are probably lower than the real number of growing tubes.
In contrast, only 32 of the 51 'bagged' flowers (none of which had begun to change colour) had pollen grains at the stigmatic surface, and there was no evidence of pollen tube growth in any of the 51 samples. (In one sample some fluorescence was noted within the mid-part of the style, but here the stigmatic surface had become detached and the source of the fluorescence could not be traced to a pollen grain at the stigma).
Therefore, pollen tube growth (following pollen deposition by visitors) was clearly associated with the presence of colour change in Alkanna flowers; when tubes were present the transition from bright yellow had usually commenced but when tubes were absent there was never any change of colour.
DISCUSSION
The foraging behaviour of the major pollinator, the bee An. pauperata, is influenced by floral colour change in Al. orientalis. Under normal circumstances the bees' flower colour choice is biased towards younger bright yellow flowers. Following manipulation of plants, residence time and number of flowers visited are greater at 'bright yellow plants' compared with 'pale yellow plants'.
Visitation by An. pauperata, and artificial manipulation of flowers designed to mimic such visitation, both accelerate colour change and floral abscission. Each of the three identified colour phases was shortened, underpinning reduced overall floral longevity. Hence, the overall appearance of the plant (the number of flowers, and the balance of bright yellow and pale flowers) is affected by how often it is visited. In Al. orientalis the physiological trigger for colour change is related to visitation and pollination. It could be deposition of cross-pollen per se, or successful germination of the pollen, or pollen tube growth. When these processes have not occurred (in bagged or otherwise non-visited flowers) colour change will still take place but over a significantly extended time period.
CAUSES OF COLOUR CHANGE
Whatever the precise physiological trigger, we have shown that in Alkanna flowers colour change occurs in three discrete temporal patterns (Table 1) :
(a) within hours, when probable damage to floral parts had been inflicted by floral manipulation; (b) within 2-3 days, when flowers were open to natural visitation (with an aspect of pollination following deposition of cross-pollen as the probable trigger for the process); (c) in >4 days when flowers were bagged; here, pollen germination and/or pollen tube growth did not occur and colour change must have been a simple ageing process.
The most likely reason for type (a) colour change, and withering/abscission on the first day after treatment (Table 1) , may simply be concurrent damage to floral tissue. Repeated probing by visitors with flexible mouthparts would be qualitatively different from the same action with a glass microcapillary, however gentle, and bee probing probably elicits no injury. On occasions the rigid style was heard 'snapping' back into place as the microcapillary was inserted; such an action may have damaged the tissue of the pistil and the very rapid colour change may have been linked to a systemic 'wound response'.
For type (b) change, the deposition of cross-pollen, combined with successful germination, is the most probable trigger. In all but five open flowers tested, pollen tube growth was visible within the style, and these flowers had all progressed to the intermediate colour phase. Conversely, in bagged flowers (type (c) change) only self-pollen could be deposited; this had occurred in the majority of preserved samples (Table 2 ) but the onset of colour change had not occurred even after 48 h. Thus, deposition of non-self Gilbert et al. (1996) have already reported that bee visits to Alkanna are positively related to the number of flowers per plant. Increased attractiveness through retention of postcolour-change flowers has been shown previously in several other plants (e.g. Jones & Cruzan, 1982; Gori, 1989; Weiss, 1991; Oberrath & Böhning-Gaese, 1999 ).
Here we have shown that, on arrival at an Alkanna plant, An. pauperata concentrate their foraging activity at particular flowers, and that by manipulating the availability of floral colour phases, visitation patterns can be influenced, most probably due to the learned experience of nectar-feeding bees in relation to shortrange colour cues. Nectar status certainly varied with flower colour and therefore age (Fig. 2) ; bright yellow flowers contained twice as much nectar as did intermediate flowers and four times as much nectar as did pale yellow flowers. Thus, bees might learn to associate colour with reward level and benefit by foraging more efficiently at prechange flowers. This was illustrated both in visits to 'normal' plants (Fig. 3) , with nectar feeding bouts being directed at bright yellow flowers, and in plants manipulated to be 'bright yellow', which produced longer residence times and visits to more flowers (Fig. 4) . These observations presumably reflect the higher nectar rewards available; bees spent longer times at rewarding flowers and selectively re-visited the colour that was previously rewarding.
Plant fitness, particularly in those species that are obligate outcrossers, is likely to be improved by 'extra' visitation. Gilbert et al. (1996) suggested that, in isolated subpopulations of Al. orientalis where bees were relatively rare, selection occurs for phenotypic reproductive characters (larger and more rewarding flowers that attract the bees). These authors reported greater numbers of flowers and more pale flowers per plant in populations on the Plain of El Raha, where fewer bees are present (Willmer et al., 1994) . Furthermore, 85% of flowers progressed through the full colour change on the Plain; but only 25% did so in Wadi Arbaein; at the latter site, and at Wadi Tofaha, bee populations and hence visitation rates and seed set were significantly higher (Gilbert et al., 1996) . Our results indicate that flowers are retained for longer because they do not abscise prematurely following visitation, and that an aspect of successful pollination is the most likely explanation for the more rapid colour change and early abscission of flowers under natural conditions. The temporal patterns of colour change and floral retention contribute to enhanced attractiveness of the floral display, and can account for observations of more flowers per inflorescence in total, and more pale flowers in particular, noted on plants at the Plain of El Raha by Gilbert et al. (1996) . There, the overall display size, representing the key long-distance visual cue, is not diminished by early abscission; thus continuing visitation by the relatively rare bees could lead to improved pollination, each visitor being 'directed' at short range to bright yellow viable flowers.
As bee visitation seems to 'regulate' the temporal pattern of colour change and floral longevity, which concomitantly affects bee foraging behaviour, the plants appear able to influence their main visitors and potentially enhance their own reproductive success, despite pollinator limitation at some sites. The greater numbers of successfully pollinated pale flowers underpins this change in behaviour and benefits the plant; bees are attracted in greater numbers, continuing to forage at, and pollinate, bright flowers but being much less active at pale flowers, so ensuring that reproductive processes are not compromised by additional visits.
